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Introduction {#ehf212887-sec-0004}
============

Myocarditis is most commonly of viral aetiology[^1^](#ehf212887-bib-0001){ref-type="ref"}, [^2^](#ehf212887-bib-0002){ref-type="ref"} and is histopathologically characterized by an infiltration of inflammatory cells into the myocardium accompanied by degeneration of cardiomyocytes and the extracellular matrix (ECM).[^3^](#ehf212887-bib-0003){ref-type="ref"}, [^4^](#ehf212887-bib-0004){ref-type="ref"} Numerous viruses, including adenoviruses, herpes viruses, enteroviruses including coxsackievirus B3 (CVB3), cytomegaloviruses, human immunodeficiency virus, parvovirus B19, and probably hepatitis C, influenza, and coronaviruses, are associated with myocarditis in humans.[^1^](#ehf212887-bib-0001){ref-type="ref"}, [^5^](#ehf212887-bib-0005){ref-type="ref"}, [^6^](#ehf212887-bib-0006){ref-type="ref"} Especially, infections with CVB3 are a known cause of acute and fulminant viral myocarditis in young, otherwise healthy patients.[^7^](#ehf212887-bib-0007){ref-type="ref"} Both direct viral cytotoxic and immune‐mediated mechanisms after CVB3 infection contribute to myocyte injury and result in cardiac dysfunction.[^8^](#ehf212887-bib-0008){ref-type="ref"}, [^9^](#ehf212887-bib-0009){ref-type="ref"} A significant proportion of patients who recover from acute myocarditis eventually develop dilated cardiomyopathy, leading to severe heart failure and ultimately requiring heart transplantation.[^10^](#ehf212887-bib-0010){ref-type="ref"}, [^11^](#ehf212887-bib-0011){ref-type="ref"}, [^12^](#ehf212887-bib-0012){ref-type="ref"}, [^13^](#ehf212887-bib-0013){ref-type="ref"} Progression of the disease is not only attributed to viral persistence and a chronic inflammatory response but also to a profound alteration of ECM structure and the development of cardiac fibrosis.[^4^](#ehf212887-bib-0004){ref-type="ref"}, [^14^](#ehf212887-bib-0014){ref-type="ref"} Dysregulation in ECM production and degradation contributes to the development of a dilative cardiac phenotype, including cardiac scaring, which belongs to an independent risk factor for impaired prognosis, even in myocarditis.[^15^](#ehf212887-bib-0015){ref-type="ref"} A panel of different (anti‐)inflammatory and (anti‐)fibrotic network systems including macrophages, B and T cells,[^8^](#ehf212887-bib-0008){ref-type="ref"}, [^16^](#ehf212887-bib-0016){ref-type="ref"}, [^17^](#ehf212887-bib-0017){ref-type="ref"}, [^18^](#ehf212887-bib-0018){ref-type="ref"} platelets,[^19^](#ehf212887-bib-0019){ref-type="ref"} myofibroblasts,[^20^](#ehf212887-bib-0020){ref-type="ref"}, [^21^](#ehf212887-bib-0021){ref-type="ref"} cytokines,[^22^](#ehf212887-bib-0022){ref-type="ref"}, [^23^](#ehf212887-bib-0023){ref-type="ref"}, [^24^](#ehf212887-bib-0024){ref-type="ref"} chemokines,[^25^](#ehf212887-bib-0025){ref-type="ref"} damage‐associated molecular patterns,[^26^](#ehf212887-bib-0026){ref-type="ref"}, [^27^](#ehf212887-bib-0027){ref-type="ref"}, [^28^](#ehf212887-bib-0028){ref-type="ref"}, [^29^](#ehf212887-bib-0029){ref-type="ref"}, [^30^](#ehf212887-bib-0030){ref-type="ref"} soluble ST2,[^31^](#ehf212887-bib-0031){ref-type="ref"} lysyl oxidase‐like 2,[^18^](#ehf212887-bib-0018){ref-type="ref"} [galectin‐3](https://www.sciencedirect.com/topics/medicine-and-dentistry/galectin-3),[^32^](#ehf212887-bib-0032){ref-type="ref"} matrix metalloproteinases (MMPs) and their tissue inhibitors (TIMP)[^33^](#ehf212887-bib-0033){ref-type="ref"}, [^34^](#ehf212887-bib-0034){ref-type="ref"} as well as aldosterone,[^24^](#ehf212887-bib-0024){ref-type="ref"}, [^35^](#ehf212887-bib-0035){ref-type="ref"} play a major role in the defence and healing process under these circumstances. For most of these potential targets, with the exception of aldosterone, no well‐established therapeutic strategies are available, and no direct translation into the clinic is possible.[^36^](#ehf212887-bib-0036){ref-type="ref"} In an animal study, aldosterone infusion has been shown to induce ventricular hypertrophy and interstitial fibrosis in both right and left ventricles.[^37^](#ehf212887-bib-0037){ref-type="ref"} Further studies have suggested that aldosterone‐induced generation of reactive oxygen species and low‐grade inflammation underlie aldosterone‐induced cardiac fibrosis.[^38^](#ehf212887-bib-0038){ref-type="ref"}, [^39^](#ehf212887-bib-0039){ref-type="ref"} With respect to acute myocarditis, a significant increased intramyocardial [aldosterone](https://www.sciencedirect.com/topics/medicine-and-dentistry/aldosterone) synthesis has been found in the [myocardium](https://www.sciencedirect.com/topics/medicine-and-dentistry/myocardium) of patients with biopsy‐proven acute myocarditis.[^40^](#ehf212887-bib-0040){ref-type="ref"} Because an uncontrolled early fulminant activated immune reaction together with aldosterone can trigger an irreversible cardiac damage with long‐time consequences for cardiac remodelling and function in the post‐inflammatory myocarditis phase, we sought to demonstrate whether an early intervention with the mineralocorticoid receptor antagonist (MRA) eplerenone (EPL) exerts cardio‐beneficial effects to balance the inflammatory defence and healing reaction of the immune system in a murine model of persisting CVB3‐induced myocarditis. This research may also have implications for viral heart disease due to the severe acute respiratory syndrome coronavirus 2, that is, in association with coronavirus disease‐19 (COVID‐19).[^5^](#ehf212887-bib-0005){ref-type="ref"}, [^41^](#ehf212887-bib-0041){ref-type="ref"}

Methods {#ehf212887-sec-0005}
=======

Animal model of virus‐induced myocarditis {#ehf212887-sec-0006}
-----------------------------------------

Five to six weeks old, male SWR/J mice (Jackson Laboratory, Bar Harbor, ME, USA) were maintained under standard housing conditions (12 h light/dark cycle, temperature 22 ± 2°C) and received water and food *ad libitum*. On Day 0, half of the mice were either infected with 5 × 10^4^ plaque‐forming units (p.f.u.) CVB3 (Nancy strain) dissolved in 0.2 mL of saline or sham‐infected with 0.2 mL of saline by intraperitoneal (i.p.) injection. On the first day post infection (p.i.), half of each group was randomly assigned to receive either EPL \[200 mg/kg body weight (BW) dissolved in 0.2 mL of water\] or placebo (0.2 mL of water) by daily gavage. Haemodynamic measurements were performed on Day 8 or 28 p.i. All investigations were performed in accordance with the 'Guide for the Care and Use of Laboratory Animals' published by the US National Institutes of Health (NIH publ. no. 85‐23, revised 1985).

Haemodynamic measurement {#ehf212887-sec-0007}
------------------------

Mice were anaesthetized with thiopental (125 μg/g BW i.p.), intubated, and artificially ventilated. LV end‐systolic pressure (in mmHg), the maximal rate of LV pressure rise (dP/dt~max~; in mmHg/s), LV end‐diastolic pressure (in mmHg), the minimal rate of LV pressure fall (dP/dt~min~; in mmHg/s), and end‐systolic and end‐diastolic volume (μL) were recorded via a conductance catheter (1.4 French; Millar, Houston, TX, USA) system in closed‐chest animals, as described previously.[^42^](#ehf212887-bib-0042){ref-type="ref"}, [^43^](#ehf212887-bib-0043){ref-type="ref"}

Tissue preparation {#ehf212887-sec-0008}
------------------

After haemodynamic measurements, animals were euthanized. The LV was dissected, snap‐frozen in liquid nitrogen, and stored at −80°C until further molecular analyses. Transverse LV sections were either embedded in Tissue Tek (Sakura, Tokyo, Japan) for immunohistological staining or fixed in 4% buffered formalin and subsequently embedded in paraffin for picrosirius red staining.

Gene expression analysis {#ehf212887-sec-0009}
------------------------

LV tissue samples were homogenized, and total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, California, USA) and further purified using the RNeasy‐Kit (Qiagen, Hilden, Germany). Purified RNA was reverse transcribed into cDNA using the high capacity kit (Applied Biosystems, Foster City, CA, USA). Quantitative real‐time PCR was performed on an ABI PRISM 7700 sequence detection system (Applied Biosystems, Foster City, CA, USA) using TaqMan universal master mix and TaqMan gene expression assays \[connective tissue growth factor (cTGF), Mm01192931_g1; Col1a1, Mm01302043_g1; Col3a1, Mm01254467_m1; transforming growth factor (TGF)‐β, Mm00436955_m1; interleukin (IL)‐6, Mm00446190_m1; tumour necrosis factor (TNF)‐α, Mm00443258 \_m1; MMP‐3, Mm01168406_g1; MMP‐8, Mm00772335_m1; MMP‐12, Mm00500554_m1; MMP‐13, Mm01168713_m1; TIMP‐1, Mm01341361_m1; TIMP‐2, Mm00441825_m1; TIMP‐4: Mm00446568_m1\]. Viral load was detected via a forward primer (5′‐CCCTGAATGCGGCTAATCC‐3′), reverse primer (5′‐ATTGTCACCATAAGCAGCCA‐3′), and FAM‐labelled MGB probe (FAM 5′‐TGCA GCGGAACCG‐3′). Expression of the respective target gene was normalized to the housekeeping gene 18s (Hs99999901_s1) using the 2^ΔCt^ method.[^44^](#ehf212887-bib-0044){ref-type="ref"}

Picrosirius red staining {#ehf212887-sec-0010}
------------------------

To quantify total myocardial collagen content, picrosirius red staining (Polyscience, Inc., Warrington, PA, USA) was performed, as previously described.[^45^](#ehf212887-bib-0045){ref-type="ref"} The stained sections were investigated under circularly polarized light by using digital image analysis. In general, \>20 fields at a 200‐fold magnification were analysed, and total collagen content was measured \[positive area fraction (AF) in %\]. Perivascular fibrosis was excluded from the measurement.

Immunohistology {#ehf212887-sec-0011}
---------------

As described previously,[^46^](#ehf212887-bib-0046){ref-type="ref"} immunohistological stainings were performed using the indirect method by incubation with a specific primary antibody, subsequent incubation with an appropriate secondary antibody, and final visualization by a horseradish peroxidase reaction. Anti‐CD11b (Pharmingen, San Diego, CA, USA) followed by DAKO EO 468 (DAKO, Glostrup, Denmark) was used to quantify CD11b‐positive cells/heart area (HA). Anti‐intercellular adhesion molecule (anti‐ICAM)‐1 (Pharmingen, San Diego, CA, USA) in combination with Dianova \#127‐035‐160 (Dianova, Hamburg, Germany), and anti‐collagen I (Chemicon, Billerica, MA, USA), anti‐collagen III (Calbiochem, Darmstadt, Germany), and anti‐nitrotyrosine (Sigma‐Aldrich, St. Luis, MO, USA) in combination with EnVision‐anti‐rabbit (DAKO, Glostrup, Denmark) was used to determine LV immune cell infiltration, fibrosis, and oxidative stress as AF or number of cells/HA.

Matrix metalloproteinase‐2 and matrix metalloproteinase‐9 zymography {#ehf212887-sec-0012}
--------------------------------------------------------------------

Gelatin zymography was used to assess the activity of MMP‐2 and MMP‐9. Therefore, purified LV protein samples (40 μg) were mixed with sample buffer \[10% w/v sodium dodecyl sulfate (SDS), 4% w/v sucrose, and 0.1% w/v bromophenol blue\] in a final volume of 20 μL. Proteins were separated in a 10% polyacrylamide gel containing 0.1% gelatin. After staining with coomassie G250 and destaining in 7% acetic acid/35% methanol, gelatinolytic activity could be visualized as clear bands in the gel. The scanned bands of active MMP‐2 and MMP‐9 were densitometrically quantified using Gel‐Pro Analyzer 4.0 (Media Cybernetics, Bethesda, MD, USA).

Terminal deoxynucleotidyl transferase‐mediated dUTP nick‐end labelling assay {#ehf212887-sec-0013}
----------------------------------------------------------------------------

To detect apoptosis, the DeadEnd colorimetric terminal deoxynucleotidyl transferase‐mediated dUTP nick‐end labelling (TUNEL) system (Promega, Madison, WI, USA) was used according to the manufacturer\'s instructions. Rate of apoptotic myocytes was examined by digital image analysis and expressed as positive cells/HA.

Cell culture {#ehf212887-sec-0014}
------------

HL‐1 cells were plated in a six‐well plate or in a 96‐well plate at a density of 250 000 cells/well or 10 000 cells/100 μL/well, respectively, in Claycomb medium (Sigma, Steinheim, Germany) supplemented with 10% foetal bovine serum, 1% penicillin/streptomycin, 100 μM of norepinephrine (Sigma), and 2 mM and [l]{.smallcaps}‐glutamine. After 24 h of culture, cells were serum starved or incubated with CVB3 at a multiplicity of infection of 5 for 1 h. Four hours after CVB3 infection or serum starvation, medium was exchanged by 'full' Claycomb medium containing 0 or 3 μM of EPL. Twenty‐four hours after infection or serum starvation, cells in the six‐well were collected for reactive oxygen species (ROS) analysis by flow cytometry. Caspase 3/7 activity was measured in the 96‐well plate or medium from the cells plated in the 96‐well plate (control; EPL; CVB3; and CVB3/EPL) was collected and frozen at −80°C until further culture on cardiac fibroblasts.

Cardiac fibroblasts (7500/well) were plated in a 96‐well plate at a density of 7500 cells/well in Lung/Cardiac Fibroblasts Basal Medium (Cell Applications, Inc., San Diego, USA) plus supplements (Cell Applications). After 24 h of culture, medium was removed, two times washed with phosphate‐buffered saline (PBS), and supplemented for 24 h with control, EPL, CVB3, or CVB3/EPL medium collected from HL‐1 cells. Next, Sirius Red and crystal violet staining was performed.

Reactive oxygen species analysis {#ehf212887-sec-0015}
--------------------------------

Oxidative stress in HL‐1 cells was determined via analysis of ROS by 5‐(and‐6)‐chloromethyl‐2′,7′‐dichlorodihydrofluorescein diacetate, acetyl ester (CM‐H~2~DCFDA) (Invitrogen) flow cytometry. Twenty‐four hours after CVB3 infection, cells were collected and resuspended in PBS for flow cytometry on a MACSQuant Analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany). DCF+ cells were analysed with FlowJo 8.7 software (Tree Star). Data are expressed as DCF+ cells (% gated).

Caspase 3/7 activity assay {#ehf212887-sec-0016}
--------------------------

Twenty‐four hours after infection or serum starvation, caspase 3/7 activity was determined with a Caspase Glo 3/7 activity kit (Promega) according to the manufacturer\'s protocol. Luminescence was measured with a luminometer (Berthold Technologies, LB 940 Multimode Reader Mithras, Bad Wildbad, Germany).

Analysis of collagen production in cultured cardiac fibroblasts {#ehf212887-sec-0017}
---------------------------------------------------------------

Collagen production in human cardiac fibroblasts was determined via Sirius Red staining described previously,[^47^](#ehf212887-bib-0047){ref-type="ref"} followed by normalization to cell number via crystal violet staining. In brief, cardiac fibroblasts were fixed in methanol overnight at −20°C, washed once with PBS, and incubated in 0.1% Direct Red 80 (Sirius red) staining solution at room temperature (RT) for 60 min. After second washing with PBS, the Sirius Red staining of the human cardiac fibroblast was eluted in 0.1 N of sodium hydroxide at RT for 60 min on a rocking platform. The optical density representative for the accumulation of collagen I and III was measured at 540 nm. For crystal violet staining, cardiac fibroblasts were fixed overnight with 4% paraformaldehyde. After the cells were washed with distilled H~2~O three times, they were stained with crystal violet solution (Sigma‐Aldrich, Steinheim, Germany). After three washing steps with distilled H~2~O, cells were incubated with 1% SDS for 1 h. Absorbance was determined at 595 nm. Collagen production in cardiac fibroblasts is depicted as arbitrary units representing the absorbance of Sirius Red staining divided by the mean of the absorbance of crystal violet staining.

Statistical analysis {#ehf212887-sec-0018}
--------------------

All data are expressed at mean ± standard error of mean (SEM). Data were tested for normal distribution using the Shapiro--Wilk test. For normal distributed data, ordinary one‐way ANOVA and Fisher\'s least significant difference *post hoc* test was performed. By non‐equal standard deviations, Brown--Forsythe and Welch--ANOVA followed by unpaired *t*‐test with Welch\'s correction were performed. In case of the viral load, the CVB3 vs. CVB3/EPL groups were analysed via a Student *t*‐test or Mann--Whitney test. Values of *P* \< 0.05 were considered significant (Graph Pad Prism 8.0; GraphPad Software, La Jolla, USA).

Results {#ehf212887-sec-0019}
=======

Eplerenone ameliorates left ventricular function in coxsackievirus B3‐induced myocarditis {#ehf212887-sec-0020}
-----------------------------------------------------------------------------------------

CVB3 infection caused a progressive LV dilatation, as indicated by an increased end‐systolic and end‐diastolic volume (*Figure* [*1A--D*](#ehf212887-fig-0001){ref-type="fig"}). In parallel, CVB3‐infected mice displayed a severely impaired systolic and diastolic LV function, as indicated by reduced dP/dt~max~ (LV contractility; *Figure* [*1*E and F](#ehf212887-fig-0001){ref-type="fig"}) and dP/dt~min~ (LV relaxation; *Figure* [1G and H](#ehf212887-fig-0001){ref-type="fig"}), as compared with control animals. EPL treatment in CVB3 lowered LV dimensions after viral infection vs. vehicle treatment, which was paralleled by ameliorated LV contractility and LV relaxation in CVB3/EPL animals.

![Eplerenone improves left ventricular (LV) function in coxsackievirus B3‐induced myocarditis. Eight and 28 days after CVB3 infection, mice were haemodynamically characterized via conductance catheter measurements. In detail, LV dimensions, indicated by LV end‐systolic (LVESV; A and B) and end‐diastolic volume (LVEDV; C and D) and cardiac contractility (dp/dt~max~; E and F) and relaxation (dp/dt~min~; G and H) were determined. Data are reported as mean ± SEM and were analysed with one‐way ANOVA and Fisher\'s least significant difference (LSD) *post hoc* test or Welch--ANOVA (\**P* \< 0.05, \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001 with *n* = 5--8/group). CVB3, coxsackievirus B3; d, days; EPL, eplerenone; p.i., post infection.](EHF2-9999-na-g001){#ehf212887-fig-0001}

Eplerenone does not influence viral load in coxsackievirus B3‐induced myocarditis {#ehf212887-sec-0021}
---------------------------------------------------------------------------------

This impairment in cardiac function after CVB3 infection was further associated with an increased viral load (*Figure* [*2*](#ehf212887-fig-0002){ref-type="fig"}). Interestingly, the amelioration of LV function in CVB3/EPL was not accompanied by a decrease in CVB3 mRNA expression.

![Eplerenone does not reduce viral load in coxsackievirus B3‐induced myocarditis. Left ventricular (LV) viral load was determined by gene expression analysis in mice, 8 and 28 days after saline injection or CVB3 infection. Data are reported as mean ± SEM and were analysed with Student *t*‐test or Mann--Whitney test (\**P* \< 0.05, \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001 with *n* = 8/group). CVB3, coxsackievirus B3; d, days; EPL, eplerenone; p.i., post infection.](EHF2-9999-na-g002){#ehf212887-fig-0002}

Eplerenone leads to less immune cell infiltration in coxsackievirus B3‐induced myocarditis {#ehf212887-sec-0022}
------------------------------------------------------------------------------------------

Analysis of pro‐inflammatory cytokine expression revealed no differences in IL‐6 and TNF‐α mRNA levels at Days 8 and 28 after CVB3 infection (*Figure* [*3*](#ehf212887-fig-0003){ref-type="fig"}). In contrast, protein content of ICAM‐1 was found to be noticeably increased in the myocardium of CVB3‐infected mice (*Figure* [*4A and B*](#ehf212887-fig-0004){ref-type="fig"}), whereas EPL resulted in a significant reduction of ICAM‐1 protein content. Correspondingly, we observed a markedly increased presence of monocytes/macrophages into the myocardium of infected mice, as assessed by immunohistochemical staining for CD11b^+^ cells (*Figure* [4C and B](#ehf212887-fig-0004){ref-type="fig"}). In comparison with the CVB3 group, EPL led to a significant reduction of monocytes/macrophages in CVB3/EPL mice.

![Eplerenone does not affect left ventricular gene expression of inflammatory cytokines in coxsackievirus B3‐induced myocarditis. Gene expression of pro‐inflammatory cytokines interleukin (IL)‐6 (A and B), and tumour necrosis factor (TNF)‐α at 8 days (left panels), and 28 days (right panels) after saline injection or CVB3 infection. Data are reported as mean ± SEM and were analysed with one‐way ANOVA and Fisher\'s least significant difference (LSD) *post hoc* test or Welch--ANOVA (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001 with *n* = 7--8/group). CVB3, coxsackievirus B3; d, days; EPL, eplerenone; p.i., post infection.](EHF2-9999-na-g003){#ehf212887-fig-0003}

![Eplerenone leads to less immune cell infiltration in coxsackievirus B3‐induced myocarditis. Immunohistochemical analysis of intercellular adhesion molecule (ICAM)‐1 protein expression (A and B). Number of CD11b^+^ cells (C and D) was assessed to determine monocyte/macrophage presence. Representative pictures (magnification 200‐fold) of left ventricular (LV) sections from control, CVB3, and CVB3/EPL mice, at Days 8 and 28 after saline injection or CVB3 infection are depicted. Quantitative analysis was performed via digital image analysis and expressed as positive area fraction (%) or number of cells/heart area (HA; mm^2^). Data are reported as mean ± SEM and were analysed with one‐way ANOVA and Fisher\'s least significant difference (LSD) *post hoc* test or Welch--ANOVA (\**P* \< 0.05, \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001 with *n* = 8/group). CVB3, coxsackievirus B3; d, days; EPL, eplerenone; p.i., post infection.](EHF2-9999-na-g004){#ehf212887-fig-0004}

Eplerenone abrogates oxidative stress and prevents cardiomyocyte apoptosis in coxsackievirus B3‐induced myocarditis {#ehf212887-sec-0023}
-------------------------------------------------------------------------------------------------------------------

Oxidative stress in the LV was quantified by immunohistochemical staining for nitrotyrosine (*Figure* [*5A--D*](#ehf212887-fig-0005){ref-type="fig"}). We observed an enhanced positive AF for nitrotyrosine 8 days p.i., which was prevented by EPL. However, no significant changes in nitrotyrosine staining were detected in any group at 28 days p.i. *In vitro*, EPL decreased the oxidative stress, depicted as DCF+ cells, in CVB3‐infected HL‐1 cardiomyocytes (*Figure* [5E](#ehf212887-fig-0005){ref-type="fig"}).

![Eplerenone abrogates oxidative stress and prevents cardiomyocyte apoptosis in coxsackievirus B3‐induced myocarditis. Nitrotyrosine staining (A--D) in the heart was performed to assess oxidative stress. Representative pictures (magnification 200‐fold) of left ventricular (LV) sections from control, CVB3, and CVB3/EPL mice at Days 8 and 28 after saline injection or CVB3 infection are depicted. In parallel, oxidative stress was detected in HL‐1 cardiomyocytes via DCF staining. Data are represented as DCF+ cells (% gated cells; E). In addition, LV cardiomyocyte apoptosis (F and G) was evaluated by terminal deoxynucleotidyl transferase‐mediated dUTP nick‐end labelling (TUNEL) staining in control, CVB3, and CVB3/EPL mice at Days 8 and 28 after saline injection or CVB3 infection. Evaluation of apoptosis in HL‐1 cardiomyocytes was performed via measurement of caspase 3/7 activity depicted as RLU (relative light units; H). Data are reported as mean ± SEM and were analysed with one‐way ANOVA and Fisher\'s least significant difference (LSD) *post hoc* test or Welch--ANOVA (\**P* \< 0.05, \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001 with *n* = 8/group *in vivo* and *n* = 5--7/group for DCF flow cytometry and *n* = 6/group for caspase 3/7 measurements). CVB3, coxsackievirus B3; d, days; EPL, eplerenone; HA, heart area; p.i., post infection; ROS, reactive oxygen species; TUNEL, terminal deoxynucleotidyl transferase‐mediated dUTP nick‐end labelling.](EHF2-9999-na-g005){#ehf212887-fig-0005}

TUNEL assay revealed an increase of apoptotic cardiomyocytes at Day 8 p.i. as compared with those in the respective control group (*Figure* [5F and G](#ehf212887-fig-0005){ref-type="fig"}). This increase was significantly attenuated by EPL. An up‐regulated apoptosis rate was also detected 28 days p.i., while EPL‐treated animals displayed a reduction of apoptotic cells to control level. Supplementation of EPL to CVB3‐infected HL‐1 cardiomyocytes decreased the CVB3‐induced apoptosis as indicated by lower caspase 3/7 activity compared with non‐treated CVB3‐infected HL‐1 (*Figure* [5H](#ehf212887-fig-0005){ref-type="fig"}).

Eplerenone attenuates interstitial myocardial fibrosis in coxsackievirus B3‐induced myocarditis {#ehf212887-sec-0024}
-----------------------------------------------------------------------------------------------

Gene expression of Col1a1, Col3a1, cTGF, and TGF‐β was increased in the myocardium of CVB3‐infected mice at 8 days p.i. (*Figure* [*S1*](#ehf212887-supitem-0001){ref-type="supplementary-material"}). EPL attenuated the expression of Col1a1, Col3a1, and cTGF in CVB3/EPL animals vs. CVB3 mice (*Figure* [*S1*](#ehf212887-supitem-0001){ref-type="supplementary-material"}). Picrosirius red staining demonstrated a progressive interstitial myocardial fibrosis in CVB3‐infected mice vs. control at both time points (*Figure* [*6A--D*](#ehf212887-fig-0006){ref-type="fig"}), which was significantly attenuated by EPL. Interestingly, immunohistochemistry revealed that collagen type I content was significantly increased in infected mice compared with controls (*Figure* [*6E and F*](#ehf212887-fig-0006){ref-type="fig"}), whereas collagen type III content remained unchanged (*Figure* [*6G and H*](#ehf212887-fig-0006){ref-type="fig"}). Application of EPL in CVB3 mice reduced the LV content of collagen type I vs. vehicle‐treated CVB3 mice. *In vitro*, cardiac fibroblasts cultured with medium of CVB3‐infected HL‐1 cardiomyocytes produced more collagen than did those cultured with medium of non‐infected HL‐1. In contrast, collagen production was less pronounced in cardiac fibroblasts cultured with medium of CVB3/EPL vs. CVB3 HL‐1 medium (*Figure* [7](#ehf212887-fig-0007){ref-type="fig"}).

![Eplerenone attenuates total collagen content expression in coxsackievirus B3‐induced myocarditis. Total collagen content of LV transverse sections was investigated with picrosirius red staining on paraffin sections. Representative pictures at 8 (A) and 28 (B) days after saline of CVB3 infection were shown at a 200‐fold magnification. Quantitative analysis (C and D) was performed via digital image analysis and expressed as positive area fraction (%). In addition, cardiac collagen type I (E and F) and type III (G and H) were determined on cryosections at both time points. Data are reported as mean ± SEM and were analysed with one‐way ANOVA and Fisher\'s least significant difference (LSD) *post hoc* test or Welch--ANOVA (\**P* \< 0.05, \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001 with *n* = 8/group). CVB3, coxsackievirus B3; d, days; EPL, eplerenone; p.i., post infection.](EHF2-9999-na-g006){#ehf212887-fig-0006}

![Collagen production is less pronounced in cardiac fibroblasts cultured with medium of coxsackievirus B3‐infected HL‐1 cardiomyocytes treated with eplerenone vs. medium of untreated coxsackievirus B3‐infected HL‐1 cardiomyocytes. Collagen production in cardiac fibroblasts is depicted as arbitrary units representing the absorbance of Sirius Red staining divided by the mean of the absorbance of crystal violet staining. Data are reported as mean ± SEM and were analysed with one‐way ANOVA and Fisher\'s least significant difference (LSD) *post hoc* test (\**P* \< 0.05; \*\*\*\**P* \< 0.0001 with *n* = 11--12/group). CVB3, coxsackievirus B3; EPL, eplerenone.](EHF2-9999-na-g007){#ehf212887-fig-0007}

Eplerenone reduces the expression and activity of cardiac matrix metalloproteinases in coxsackievirus B3‐induced myocarditis {#ehf212887-sec-0025}
----------------------------------------------------------------------------------------------------------------------------

Expression of MMP‐3, MMP‐8, MMP‐12, and MMP‐13 was evaluated by real‐time PCR (*Figure* [S2](#ehf212887-supitem-0001){ref-type="supplementary-material"}), while gelatinolytic activity of active MMP‐2 and MMP‐9 was measured by gelatin zymography (*Figure* [8](#ehf212887-fig-0008){ref-type="fig"}). At Day 8 p.i., gene expression of MMP‐3, MMP‐8, MMP‐12, and MMP‐13 was higher than that of the control group (*Figure* [S2](#ehf212887-supitem-0001){ref-type="supplementary-material"}). The tremendously enhanced expression of the collagenase MMP‐8 is most likely due to infiltrating neutrophils, which are the primary source of MMP‐8.[^48^](#ehf212887-bib-0048){ref-type="ref"} In parallel, the activity of MMP‐2 and MMP‐9 was increased in the heart of virus‐treated mice vs. control animals at Day 8 p.i. (*Figure* [8](#ehf212887-fig-0008){ref-type="fig"}). At Day 8 after CVB3 infection, a significant reduction of MMP‐3, MMP‐8, and MMP‐12 mRNA levels as well as of MMP‐2 and MMP‐9 activity was observed in the CVB3/EPL group vs. CVB3 animals, respectively (*Figure* [S2](#ehf212887-supitem-0001){ref-type="supplementary-material"} and *Figure* [8](#ehf212887-fig-0008){ref-type="fig"}). At 28 days post CVB3 infection, no changes were observed.

![Eplerenone decreases the activity of matrix metalloproteinase‐2 and metalloproteinase‐9 in coxsackievirus B3‐induced myocarditis. Myocardial MMP‐2 (A and B) and MMP‐9 (C and D) activity measured by gelatin zymography at 8 (left panels) and 28 days (right panels) post infection. Quantitative analysis of the blots is depicted as bar graphs as well as a representative blot (E). MMP activities are expressed as fold changes normalized to the control group at Day 8 post infection. Data are reported as mean ± SEM and were analysed with one‐way ANOVA and Fisher\'s least significant difference (LSD) *post hoc* test or Welch--ANOVA (\**P* \< 0.05, \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001 with *n* = 8/group). CVB3, coxsackievirus B3; d, days; EPL, eplerenone; p.i., post infection.](EHF2-9999-na-g008){#ehf212887-fig-0008}

With respect to TIMP expression, only TIMP‐1 was elevated in CVB3 mice vs. controls, whereas for TIMP‐2 and TIMP‐4, no changes were detected (*Figure* [S3](#ehf212887-supitem-0001){ref-type="supplementary-material"}). EPL in CVB3‐infected animals reduced mRNA levels of TIMP‐1 and TIMP‐2 compared with vehicle‐treated CVB3 mice.

Discussion {#ehf212887-sec-0026}
==========

The key finding in the current study is that an early intervention with the selective MRA EPL starting in the acute phase post CVB3 infection induced already favourable pleiotropic and immunomodulatory effects at Day 8 in a murine model of persisting CVB3‐induced myocarditis, so that also in the long run, cardiac adverse remodelling and function were improved.

Human cardiac persistence of enteroviruses including CVB3 is associated with progression of LV dysfunction and a lack of clinical improvement.[^6^](#ehf212887-bib-0006){ref-type="ref"}, [^49^](#ehf212887-bib-0049){ref-type="ref"} An immunosuppressive intervention is not recommended under these conditions, and although pilot studies showed that in persisting infection a treatment with interferon‐β can result in viral elimination and clinical improvement,[^50^](#ehf212887-bib-0050){ref-type="ref"}, [^51^](#ehf212887-bib-0051){ref-type="ref"} no anti‐viral treatment is established until today.[^1^](#ehf212887-bib-0001){ref-type="ref"}, [^52^](#ehf212887-bib-0052){ref-type="ref"} Although 50% of infected patients eliminate enteroviruses spontaneously over the time,[^49^](#ehf212887-bib-0049){ref-type="ref"} a significant number of patients will suffer from the consequences of defect healing and adverse remodelling, which includes the development of myocarditis with preserved ejection fraction[^53^](#ehf212887-bib-0053){ref-type="ref"}, [^54^](#ehf212887-bib-0054){ref-type="ref"}, [^55^](#ehf212887-bib-0055){ref-type="ref"} or dilated cardiomyopathy with heightened risk of heart failure worsening, [arrhythmias](https://www.sciencedirect.com/topics/medicine-and-dentistry/cardiac-dysrhythmia), and death.[^13^](#ehf212887-bib-0013){ref-type="ref"}, [^54^](#ehf212887-bib-0054){ref-type="ref"}

Because direct anti‐viral strategies are not established[^1^](#ehf212887-bib-0001){ref-type="ref"} and aldosterone formation is increased in human acute myocarditis,[^40^](#ehf212887-bib-0040){ref-type="ref"} able to aggravate inflammatory and fibrotic effects, its inhibition might be an important strategy to reduce downstream complications. In non‐myocarditis animal models, aldosterone inhibition was able to reduce myocardial ICAM‐1 expression in conjunction with augmented infiltration/presence of monocytes/macrophages and induction of oxidative stress,[^38^](#ehf212887-bib-0038){ref-type="ref"} but it remained uncertain if a reduced infiltration of monocytes would be favourable in the context of viral myocarditis. Therefore, it is important to study if, and at what time point, an aldosterone‐blocking intervention is effective and safe. According to the different time points and phases of the host immune and defence reaction, a CVB3 infection is conceptually divided into three distinct phases.[^8^](#ehf212887-bib-0008){ref-type="ref"} The first 3--4 days are the so‐called acute phase, which is characterized by virus replication and the induction of the innate immune response. Virus‐induced tissue damage[^56^](#ehf212887-bib-0056){ref-type="ref"} and recognition of viral pathogens contribute to an increased expression of pro‐inflammatory cytokines like IL‐1, IL‐6, TNF‐α, and interferons. These cytokine signals activate local macrophages and up‐regulate ICAM‐1 as well as chemokines for further recruitment of innate immune cells.[^20^](#ehf212887-bib-0020){ref-type="ref"}, [^27^](#ehf212887-bib-0027){ref-type="ref"}, [^57^](#ehf212887-bib-0057){ref-type="ref"} This is followed by a subacute phase, which occurs approximately from the fifth to 14th day, by which natural killer cells and monocytes are recruited for viral elimination or phagocytosis of dead cells, followed by cells of the adaptive immunity. During this phase, the immune response not only eliminates infected and dead cells but also significantly contributes to irreversible cardiac damage. At the fourth day, with a maximum at about the 14th day p.i., cardiac remodelling and fibrotic replacement start.[^57^](#ehf212887-bib-0057){ref-type="ref"}

We demonstrate in our study that an intervention with EPL starting at the acute phase and lasting until the fibrogenic phase exerted immunomodulatory, anti‐oxidative, anti‐apoptotic, and anti‐fibrotic effects. We did not find a complete shutdown of the immunological defence reaction, as shown by no significant influence of EPL on the cardiac expression of pro‐inflammatory cytokines (IL‐6 and TNF‐α). This indicates an immunomodulation rather than an immunosuppression, which is important, in the context of viral myocarditis. In addition, we observed a decrease of ICAM‐1 expression and reduced recruitment/presence of monocytes/macrophages. The decreased infiltration/presence of monocytes/macrophages did not affect the viral load. Additionally, EPL therapy markedly declined the increase of oxidative stress, as measured by nitrotyrosine staining. This is of particular importance because oxidative stress induces MMP transcription and additionally activates MMPs by posttranslational modification, thus causing an aggravation of the pre‐existing MMP imbalance, inflammation, and fibrosis.[^48^](#ehf212887-bib-0048){ref-type="ref"}, [^58^](#ehf212887-bib-0058){ref-type="ref"} Moreover, oxidative stress[^59^](#ehf212887-bib-0059){ref-type="ref"} as well as aldosterone[^60^](#ehf212887-bib-0060){ref-type="ref"} is known to induce myocyte apoptosis, causing a further deterioration of LV function.[^61^](#ehf212887-bib-0061){ref-type="ref"} This assumption was confirmed by TUNEL assay, as we observed a decrease of apoptotic myocytes in CVB3‐infected animals under EPL therapy and further supported by our *in vitro* findings, indicating a reduction in oxidative stress and apoptosis in CVB3‐infected HL‐1 cardiomyocytes treated with EPL vs. untreated CVB3‐infected HL‐1 cardiomyocytes. Furthermore, collagen production was less pronounced in cardiac fibroblasts cultured with medium of CVB3‐infected HL‐1 cardiomyocytes treated with EPL vs. untreated CVB3‐infected HL‐1, suggesting that the EPL‐mediated protective effects on cardiomyocytes can influence cardiac fibroblast collagen production in a paracrine manner and includes modulation of the cardiomyocyte 'secretome'. This cardiomyocyte--cardiac fibroblast crosstalk is in agreement with observations from Rickard *et al*.[^62^](#ehf212887-bib-0062){ref-type="ref"} and Messaoudi *et al*.,[^63^](#ehf212887-bib-0063){ref-type="ref"} who demonstrated that aldosterone‐induced signalling in cardiomyocytes is associated with cardiac fibrosis. With respect to ECM regulation in mice, we found an increase in cTGF and collagen I, but not collagen III,[^64^](#ehf212887-bib-0064){ref-type="ref"} as well as an increased expression and activity of collagenases (MMP‐8 and MMP‐13), gelatinases (MMP‐2 and MMP‐9), and stromelysins (MMP‐3), while the expression of TIMP‐1 through 4 was not significantly regulated. The result was a progressive cardiac fibrosis at Day 28, which was improved by early EPL treatment. Similar to the direct markers of inflammation, MMP activity was not decreased below control level, indicating that a certain minimal MMP activity is needed to maintain the integrity of the ECM.

Similar findings as presented here could also been seen in an encephalovirus myocarditis model, where an early (0th--7th day after infection) but not late ([≥]{.ul}7th day after infection) intervention with EPL exerted anti‐inflammatory and anti‐fibrotic effects and improved mortality.[^65^](#ehf212887-bib-0065){ref-type="ref"} Interestingly, like in our study, these beneficial effects were independent of a reduction in viral load. This result implicates an important safety aspect, because, in contrast to steroid‐based immunosuppressive strategies, EPL seems not to be associated with the risk of viral aggravation. Furthermore, the results of both animal studies suggest that the pleiotropic and immunomodulatory effects of EPL are independent of the viral type causing the myocarditis, because the common unspecific healing and defence response of the immune system is modulated, but not the direct anti‐viral reaction. Hence, we suggest that MRA therapy may also be useful for COVID‐19‐associated myocarditis, because it has been shown that SARS‐coronavirus 2‐infected macrophages can also migrate into the heart.[^5^](#ehf212887-bib-0005){ref-type="ref"}

In summary, our study demonstrates that early treatment with MRA, starting at the acute phase of CVB3 infection, exerted pleiotropic, including immunomodulatory, anti‐oxidative, and anti‐apoptotic effects, leading to prevention of adverse cardiac remodelling and dysfunction without affecting viral load, in a murine model of persisting viral myocarditis. This makes EPL an ideal candidate for an acute treatment of myocarditis, beside heart failure treatment. However, current guidelines do not consider aldosterone antagonist therapy for acute myocarditis. This new therapeutic concept should be tested in a clinical trial, involving female and male patients. Especially, because beyond the relevance of gender on the immune system[^31^](#ehf212887-bib-0031){ref-type="ref"} and outcome[^66^](#ehf212887-bib-0066){ref-type="ref"} in inflammatory cardiomyopathy, also a sex‐specific response to aldosterone receptor antagonism has been shown for experimental myocardial infarction.[^67^](#ehf212887-bib-0067){ref-type="ref"} It is likely also attractive for cardiac and non‐cardiac inflammation‐induced organ damage, including in COVID‐19, because the described immunomodulatory effect of EPL was also found in a model of inflammatory lung disease.[^68^](#ehf212887-bib-0068){ref-type="ref"}
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**Figure S1.** Eplerenone attenuates left ventricular gene expression of fibrosis markers in Coxsackievirus B3‐induced myocarditis. Gene expression of Col1a1 (A+B), Col3a1 (C+D), connective tissue growth factor (cTGF; E+F), and transforming growth factor (TGF)‐β (G+H) determined by real‐time PCR at 8 days (left panels) and 28 days (right panels) after saline injection or CVB3 infection. Data are reported as mean±SEM and were analysed with One‐way ANOVA and Fisher\`s LSD post hoc test or Welch‐ANOVA (\**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001 with n=7‐8/group). *CVB3:* Coxsackievirus B3; *d:* days; *EPL*: Eplerenone; *p.i.* post infection.

**Figure S2.** Eplerenone reduces cardiac matrix metalloproteinases expression in Coxsackievirus B3‐induced myocarditis. Myocardial matrix metalloproteinases (MMP)‐3 (A+B), ‐8 (C+D), and ‐12 (E+F), ‐13 (G+H) mRNA expression at day 8 (left panel) and 28 days (right panel) after saline injection or CVB3 infection determined by real‐time PCR. Data are reported as mean±SEM and were analysed with One‐way ANOVA and Fisher\`s LSD post hoc test or Welch‐ANOVA (\*p\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001 with n=7‐8/group). *CVB3:* Coxsackievirus B3; *d:* days; *EPL*: Eplerenone; *p.i.* post infection.

**Figure S3.** Eplerenone does not alter left ventricular expression of myocardial tissue inhibitors of metalloproteinases in Coxsackievirus B3‐induced myocarditis. Gene expression of tissue inhibitor of metalloproteinases (TIMP)‐1 (A+B), TIMP‐2 (C+D), and TIMP‐4 (E+F) determined by real‐time PCR at 8 days (left panels) and 28 days (right panel) after saline injection or CVB3 infection. Data are reported as mean±SEM and were analysed with One‐way ANOVA and Fisher\`s LSD post hoc test or Welch‐ANOVA (\**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001 with n=7‐8/group). *CVB3:* Coxsackievirus B3; *d:* days; *EPL*: Eplerenone; *p.i.* post infection.
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